In this study, six commercial meat starters, each consisting of a pure strain of a lactic acid-fermenting bacterium (including Lactococcus lactis, Lactobacillus curvatus, L. farciminis, L. plantarum, L. sakei, and Pediococcus acidilactici), were tested for their ability to ferment a paste produced from the yellow mealworm (Tenebrio molitor). During fermentation, microbial counts, pH, and the bacterial community composition were determined. In addition, UPLC-MS was applied to monitor the consumption of glucose and the production of glutamic (Glu) and aspartic (Asp) acid. All tested starters were able to ferment the mealworm paste, judged by a pH reduction from 6.68 to 4.60-4.95 within 72 h. Illumina amplicon sequencing showed that all starters were able to colonize the substrate efficiently. Moreover, the introduction of the starter cultures led to the disappearance of Bacillus and Clostridium species, which were the dominant microorganisms in un-inoculated samples. Of the six cultures tested, Lactobacillus farciminis was most promising as its application resulted in the largest increase (±25 mg/100 g of paste) in the content of free glutamic and aspartic acid. These amino acids are responsible for the appreciated umami flavour in fermented food products and might stimulate the acceptance of insects and their consumption.
Introduction
Interest exists in the introduction of insects in the Western food pattern, but a number of hurdles prevent the large scale use of insects in foods. With respect to legislation, insects are considered a novel food according to Reg. (EU) No. 2015/2283 and therefore authorisation is required. Currently, a number of dossiers are under evaluation. In addition to legislation, insects and insect-based matrices show the problem that their shelf life is limited. For instance, De Smet et al. [1] observed pronounced microbial growth in mealworm paste during three weeks of storage at 4 • C, even when preservatives were included. In addition, the taste of insects is not very distinct and does not (yet) convince a large number of consumers to regularly purchase and eat insects or insect-based foods [2] [3] [4] [5] . In the same way as for traditional meat sources, fermentation may present a technology to improve both shelf life and taste of insects. It is possible that shelf life can be improved if the pH can be reduced sufficiently
Microbiological Plate Counts
Microbiological plate counts were performed according to the ISO standards for microbial analyses of food as described by Dijk et al. [18] . To this end, 5 g of fermented mealworm paste were added to 45 mL of sterile peptone physiological salt solution (0.85% (w/v) NaCl, 0.1% (w/v) peptone, Biokar Diagnostics, Beauvais, France) and homogenized in a stomacher bag (Bagmixer ® 400 W, Interscience, Saint Nom, France) for 1 min. Ten-fold dilutions were plated on Plate Count Agar (PCA, Biokar Diagnostics, incubation at 30 • C for 72 h) for the determination of the total viable aerobic and anaerobic count, on de Man Rogosa Sharpe agar (MRS, Biokar Diagnostics, incubation at 30 • C for 72 h) for presumptive LAB, and on Iron Sulphate Agar (ISA, Thermo Fisher Scientific, Merelbeke, Belgium, incubation at 37 • C for 48 h) for presumptive sulphite reducing clostridia (SRC). Anaerobic conditions were created using anaerobic jars (VWR), gas generation kits, and indicator strips (Thermo Fisher Scientific). Aerobic bacterial endospores were determined by giving the 10 −1 dilution a heat-shock treatment (10 min at 80 • C), followed by plating a ten-fold serial dilution on PCA.
Bacterial Community Analysis Yielding Relative Abundances
The bacterial community composition of the samples were determined using Illumina MiSeq sequencing of partial 16S rRNA gene amplicons. To this end, the microbial genomic DNA of each sample was extracted following the protocol of the PowerSoil DNA isolation kit (MO BIO Laboratories, Carlsbad, CA, USA). DNA quality and concentrations were assessed using a Nanodrop Spectrophotometer (mySPEC, VWR, Leuven, Belgium), and all extracted DNA was stored at −18 • C for further amplifications. Sequencing of the 16S rRNA amplicons was performed using the dual index strategy as described by Kozich et al. [19] . Briefly, DNA samples were subjected to a PCR assay using barcode-labelled versions of the primers 515F (5 -GTGCCAGCMGCCGCGGTAA-3 ) and 805R (5 -GGACTACHVGGGTWTCTAAT-3 ) [20] , amplifying the V4 region (250 bp) of the 16S rRNA gene. The PCR amplification (20 µL) contained 1 µL of 1:10 diluted DNA, 1.5 µL of dNTP mix (0.15 mM each), 0.5 µL of each primer (0.5 µM), 2 µL of Titanium Taq PCR buffer, 0.4 µL of Taq DNA polymerase (Clontech, Saint-Germain-en-Laye, France), and 14.1 µL of sterile milli-Q water. PCR amplification was performed with a Thermal Cycler (T100 TM , Bio-Rad, Temse, Belgium) using the following program: One cycle at 95 • C for 2 min, 30 cycles of denaturation at 95 • C for 45 s, primer annealing at 59 • C for 45 s, and a final extension step at 72 • C for 10 min. Following amplification, the PCR products were purified by Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA) and quantified using the Qubit fluorometer (HS reaction kit, Invitrogen, Carlsbad, CA, USA). The quantified PCR products were combined into a library in equimolar concentrations and subjected to an ethanol precipitation. As a final quality control, the pooled library was subjected to electrophoresis on an agarose gel (1.5%), after which amplicons were cut out and purified with the NucleoSpin gel and PCR cleanup kit (Machery-Nagel, Düren, Germany). Finally, the library was diluted to 2 nM and sequenced at the Center of Medical Genetics Antwerp (University of Antwerp, Antwerp, Belgium) using an Illumina MiSeq sequencer (V2 500 cycle kit, Illumina, San Diego, CA, USA).
Resulting sequences were received as a demultiplexed FASTQ file (data deposited in a Sequence Read Archive; BioProject accession PRJNA576139). Paired-end reads were merged using USEARCH (v10.0.240; [21] ) to form consensus sequences originating from each sample. A maximum number of ten mismatches was allowed in the overlap region. Next, sequences were truncated at the 250th base and shorter reads or reads with an expected error threshold above 0.02 were discarded. In order to remove potential contaminant sequences, sequences were classified using the "classify.seqs" command in Mothur (v.1.39.3; [22] ) against the Silva taxonomy database (release v1.2.3; [23] ). Sequences originating from chloroplasts or mitochondria or sequences identified as "eukaryote" or "unknown" were deleted with Mothurs "remove.lineage" command. With the UNOISE algorithm [23] command implemented in USEARCH [24] , further error correction (denoising) was performed as follows: (i) Reads with sequencing errors were identified and corrected, (ii) chimeras were removed, and (iii) PhiX were removed. Due to uneven sequencing depth across samples, the number of sequences was rarefied to 11,561 sequences per sample. A sequence table containing all amplicon sequence variants (ASV) was constructed and the taxonomic origin of each ASV was determined with the SINTAX algorithm in USEARCH [25] , on the Silva Living Tree Project v123 (LTP v123) database. Additionally, ASV representative sequences (selected by UPARSE) were subjected to a BLAST search [26] against GenBank [27] , excluding uncultured or environmental entries. Primarily, assignments were based on SINTAX results, but BLAST results were used when SINTAX assignment was inconclusive. Diversity indices calculations were performed on the microbial communities of inoculated and un-inoculated samples using Uparse (v10.0.240, R-package, R Development Core Team). Relative ASV abundances and diversity indices were averaged over three samples per fermentation. ASVs present in a relative abundance of at least 1% and belonging to the same genus or phyla were combined and presented in the same colour. However, an exception was made for the ASVs belonging to the added starters.
Quantitative Real-Time PCR Amplification to Determine Absolute Abundances
Illumina MiSeq sequencing yielded relative abundances. In order to obtain absolute abundances, quantitative real-time PCR (qPCR) was used to assess the total bacterial DNA in the samples. The gene copy number of each sample was then used to convert the relative abundances into absolute abundances. Amplification and detection of the total target DNA by real-time PCR were performed with a QuantStudio3 real-time PCR system (Applied Biosystems, Thermo Fisher Scientific, Asse, Belgium) using the primers 515F and 805R. Each PCR reaction was carried out in volumes of 10 µL containing 1 µL of 1:10 diluted DNA, 0.25 µL of each primer (0.2 µM each), 5 µL of PowerUp TM SYBR ® Green qPCR master mix (Life technologies, Thermo Fisher Scientific, Asse, Belgium) and 3.5 µL sterile milli-Q water. The qPCR reactions were performed under thermal cycler conditions of 2 min at 50 • C and 10 min at 95 • C, followed by 40 amplification cycles of 15 s at 95 • C and 1 min at 60 • C, with collection of fluorescence signal at the end of each cycle. Following amplification, melting temperature analysis was performed to determine the specificity of the PCR. In each analysis, a positive control, a negative control (DNA replaced by sterile milli-Q water), and a standard (serial dilution of cleaned PCR products from paste inoculated with the starter P. acidilactici) was included. All template DNA of the fermentations was tested in triplicate on each plate, whereas the standard run was performed in duplicate. The gene copy number of each sample was calculated with the Connect TM Software (Thermo Fisher Scientific) and expressed as gene copies/µL DNA extract.
Metabolite Target Analysis
Ultra-performance liquid chromatography-mass spectrometry (UPLC-MS) was applied for determination of the concentrations of glucose (to monitor the consumption of glucose) and the free amino acids (FAA) Asp and Glu in the samples. The remainder of the three samples used for the microbiological analyses was pooled together to obtain enough material for the sample preparation procedure and subsequent UPLC-MS analysis. The sample preparation procedure consisted of a freeze drying step (Lyovapor TM L-200, Büchi, Flawil, Switzerland) and a subsequent Soxhlet fat extraction with petroleum ether (VWR). Following the defatting, 0.100 g of each defatted sample was weighed to the nearest 0.0001 g into 15 mL centrifuge tubes, and 10.0 mL 0.1 N HCl (Puris. P.a, ACS Reagent grade, Sigma-Aldrich, Overijse, Belgium) was added to solubilise the FAA and glucose. The resulting mixtures were heated to 40 • C, sonicated for 5 min at 40 • C, and finally centrifuged at 4000× g for 10 min. To precipitate the proteins, an aliquot of 500 µL supernatant was taken from the samples after centrifugation and thoroughly mixed with 500 µL of 10% (w/v) sulfosalicylic acid (SSA, Acros Organics, Thermo Fisher Scientific, Geel, Belgium). The samples were chilled on ice and centrifuged (17,000 × g at 4 • C for 10 min). For amino acid analysis, free Asp and Glu were derivatized by adding a mixture of 70 µL of a 0.08 M (pH = 8.8) borate buffer (Acros Organics) and 20 µL of 6-aminoquinoyl-N-hydroxysuccimidyl carbamate (AQC) reagent to 10 µL of the obtained clear supernatant of the centrifuged samples. The samples were mixed and incubated for 10 min at 55 • C. For glucose analysis, an aliquot of 50 µL of the supernatant was taken and thoroughly mixed with 950 µL LC-MS grade acetonitrile (Biosolve, Valkenswaard, the Netherlands).
Sample analysis was performed on a Waters Acquity UPLC H-Class system (Waters Corp., Milford, MA, USA) equipped with a quaternary solvent manager, an autosampler maintained at 4 • C, and a Waters QDA mass detector operating in selected ion recording (SIR) mode. The ESI source was used in positive (FAA) or negative (glucose) mode with the following conditions: The ion source capillary voltage was kept at 0.8 kV, the cone voltages were 10 and 4 V for FAA and glucose analysis, respectively, and the desolvation temperature was 600 • C. The separation of FAA was performed on a Waters Cortecs ® UPLC C18 column (2.1 mm × 150 mm, 1.6 µm) which was maintained at 55.0 ± 0.5 • C during the runtime of 12 min. The amino acids were eluted using a nonlinear gradient of ultrapure water (A) and acetonitrile (B), both containing 0.1% formic acid as modifier. Formic acid and acetonitrile were obtained from Biosolve. Glucose was separated isocratically on a Waters Acquity UPLC BEH amide column (2.1 mm x 150 mm, 1.7 µm particles) with a 10/90 mixture of ultrapure water/acetonitrile containing 0.1% NH 4 OH (HiPerSolv CHROMANORM, VWR, Leuven, Belgium) as modifier. The column temperature was maintained at 70.0 ± 0.5 • C during the runtime of 3 min. Before sample injection (injection volume of 1 µL), the system was calibrated using analytical standards bought from Sigma-Aldrich (FAA) and Thermo Fisher Scientific (glucose). Samples were analysed in duplicate and the results are represented as the average of these two measurements. The Empower TM 3 software (Waters Corp., Milford, MA, USA) was used to obtain calibration curves and subsequently quantify the FAA Asp and Glu and glucose in the defatted samples.
Statistical Analyses
Statistical analyses were conducted using SPSS Statistics (IBM SPSS Statistics version 25, New York, NY, USA). One-way ANOVA was performed to test variation of the microbial counts, pH measurements, alpha diversity indices (ASV richness and the Shannon-Wiener diversity index), and bacterial 16S rRNA gene copies of the total bacteria among the different starters and the control experiment. When necessary, pairwise comparison was performed using Tukey's post-hoc test. All tests considered a 0.05 significance level.
Results and Discussion

Acidification
The evolution of the pH during the seven-day incubation period of the pastes is shown in Figure 1A . All pH profiles show a clear acidification in function of time, both in the negative control and when a starter culture was added. The initial pH of the matrix was approximately 6.68. For the negative control sample, this was maintained for about 33 h before the pH decreased during two days to an end value of 5.17. For the inoculated matrices, acidification started after eight to 22 h. The subsequent pH drop resulted in a pH ranging from 4.60 to 4.95 after three days. Upon further fermentation, the pH remained constant for all fermentations.
The ability of starters to cause a fast acidification is an important characteristic, since it has an impact on the safety, aroma, and flavour of the fermented product [28] . For mealworms, which are susceptible to microbial spoilage due to their high concentration of nutrients and high water activity (±0.96 according to Vandeweyer et al. [29] ), a rapid acidification is essential to prevent the growth of pathogens and spoilage organisms in the first stage of the fermentation. As shown in Figure 1A , there were differences in the acidification by the various tested starters. All inoculated samples, except the samples inoculated with P. acidilactici, showed a rapid acidification. L. sakei acidified the paste the fastest, followed by L. farciminis, L. plantarum, L. lactis, and L. curvatus. Fermentation with P. acidilactici resulted in a slow, irregular acidification. However, when this fermentation was repeated using larvae from a different production batch, a rapid acidification was obtained as well, as shown in Figure 2A .
Similar pH profiles were obtained when sodium nitrite was added to the paste ( Figure A1 -A and Figure A2 -A, Supporting Information). The reduction in pH, however, was generally initiated later compared to the corresponding samples from the fermentation with the same starter but without sodium nitrite. Korkeala [30] , who investigated the effect of sodium nitrite on the growth of LAB, observed an increasing lag phase when the amount of added sodium nitrite was gradually increased from 0 to 400 mg/L. This increasing lag phase can explain the delay in acidification, as acid production mainly occurs during the exponential phase of the starter [31] . Despite the different acidification rates of the starters and the delay in acidification when nitrite was used, all fermentations with inoculation reached pH values below 5.10 at day three of the fermentation, which is considered to be an important threshold in the meat industry from a food safety perspective [17] . (6), or Pediococcus acidilactici (7) . The microbial counts and values of relative abundance and EAA are the mean of analyses performed on three replicate samples. Error bars represent the standard deviation. Only amplicon sequence variants (ASVs) represented by an average relative abundance of more than 1% of the sequences in any sample are shown. Other ASVs are grouped together in "others (<1%)".
or inoculated with starter Lactococcus lactis (2), Lactobacillus curvatus (3), L. farciminis (4), L. plantarum (5) , L. sakei (6) , or Pediococcus acidilactici (7) . The microbial counts and values of relative abundance and EAA are the mean of analyses performed on three replicate samples. Error bars represent the standard deviation. Only amplicon sequence variants (ASVs) represented by an average relative abundance of more than 1% of the sequences in any sample are shown. Other ASVs are grouped together in "others (<1%)". 
Microbial Plate Counts
The microbiological counts of the fermentations with inoculation differed largely from those of the negative control experiment ( Figure 1A ). At the start of the negative control experiment, all counts were low (below 1.5 log cfu/g). Even though blanching, here applied as a pretreatment before fermentation, generally involves a large reduction in the microbial load of edible insects [32] , the process was not enough to prevent the outgrowth of undesired SRC in the control. The SRC count increased exponentially during fermentation, resulting in counts of up to 7.5 log cfu/g at the end of the fermentation. This high SRC count was accompanied by an unpleasant smell of the larvae paste. The addition of sodium nitrite to the paste delayed, but did not prevent this problem ( Figure A1 -A, Supporting Information). From the third day and onwards of the control experiment, the counts on PCA were up to 9.5 log cfu/g for the aerobic as well as the anaerobic organisms, and 1.5 log cfu/g for bacterial endospores. Selective plating of the control on MRS yielded values below the detection limit which indicates the absence of presumptive LAB. This is in contrast with earlier research [9] , where growth of LAB was observed in un-inoculated paste in two out of three fermentations. 
The microbiological counts of the fermentations with inoculation differed largely from those of the negative control experiment ( Figure 1A ). At the start of the negative control experiment, all counts were low (below 1.5 log cfu/g). Even though blanching, here applied as a pretreatment before fermentation, generally involves a large reduction in the microbial load of edible insects [32] , the process was not enough to prevent the outgrowth of undesired SRC in the control. The SRC count increased exponentially during fermentation, resulting in counts of up to 7.5 log cfu/g at the end of the fermentation. This high SRC count was accompanied by an unpleasant smell of the larvae paste. The addition of sodium nitrite to the paste delayed, but did not prevent this problem ( Figure A1 -A, Supporting Information). From the third day and onwards of the control experiment, the counts on PCA were up to 9.5 log cfu/g for the aerobic as well as the anaerobic organisms, and 1.5 log cfu/g for bacterial endospores. Selective plating of the control on MRS yielded values below the detection limit which indicates the absence of presumptive LAB. This is in contrast with earlier research [9] , where growth of LAB was observed in un-inoculated paste in two out of three fermentations.
The microbiological counts of the fermentations with inoculation were all very similar to each other. As can be expected, LAB counts of all fermentations with inoculation were high. At the start of the fermentations, LAB counts ranged between 5.9 and 6.9 log cfu/g, corresponding with the added amount of starter. The presumptive LAB grew substantially (p < 0.05) during the first three days of the fermentation, resulting in LAB counts of up to 9.1 log cfu/g. Subsequently, the LAB counts remained constant throughout the entire fermentation or decreased to a minimum of 5.0 log cfu/g ( Figure 1A ). The growth of presumptive LAB can be influenced by the presence of nitrite, as shown in Figure A1 -A (Supporting Information). For a third of the starters, substantially (i.e., differences of more than 1.0 log cfu/g) lower LAB counts were observed at day three compared to the corresponding samples from the fermentation with the same starter but without sodium nitrite. If present in large amounts, nitrite can inhibit the growth of some lactic acid bacteria. However, with the amounts regularly used in meat industry, it is usually not the case [33, 34] . In addition, if inhibition takes place, nitrite seems to affect the lag phase rather than the exponential growth phase. The PCA counts (total aerobic and anaerobic counts) during fermentation were very similar to the MRS counts, indicating the predominance of LAB. Only for the starter L. farciminis low total counts were observed compared to the LAB counts, which could not be explained. Other microbial counts (aerobic bacterial endospores and sulphite reducing clostridia) were low during fermentation for all inoculated samples, mostly below the detection limit of 1.0 log cfu/g. Statistical analysis showed differences (p < 0.05) in the growth of the presumptive LAB during fermentation. After three days of fermentation, the fermentation inoculated with the starter P. acidilactici showed the strongest growth of presumptive LAB (±2.7 log cfu/g), while the LAB counts of the fermentation inoculated with L. sakei increased the least (±0.8 log cfu/g). This result was in line with Sriphochanart and Skolpap [35] , who observed a better growth of P. acidilactici in Thai fermented sausages compared to L. sakei. Repeating those two fermentations with larvae from a different production cycle had little to no influence on the results (±2.9 log cfu/g and ±0.8 log cfu for Pediococcus acidilactici and Lactobacillus sakei, respectively), as shown in Figure 2A .
The results of the microbial counts and pH measurements indicate that all starters are able to ferment the larvae paste, i.e., they all show a rapid acidification, good growth of the LAB, and inhibition of undesirable SRC. Microbial counts, however, do not give ample information on the composition of the microbiota. It is possible, for example, that LAB other than the added starter grow during fermentation. Therefore, high-throughput 16S rRNA gene sequencing was used to unravel the bacterial community dynamics during fermentation and to evaluate whether the starters can outcompete the endogenous bacteria.
Relative Bacterial Abundances and Bacterial Diversity
The sequencing yielded a total of 286 amplicon sequence variants (ASVs), defined as unique biological sequences obtained after a denoising step, over all samples. Table 1 shows two alpha diversity metrics, i.e., the ASV richness and the Shannon-Wiener diversity index. The ASV richness indicates the number of ASVs observed in a sample, while the Shannon-Wiener index describes diversity not only in terms of the richness but also in terms of the relative abundance of the ASV. More specifically, a higher Shannon value means more diversity [36] . All samples showed an observed ASV amount between 55 and 130 at day zero and between seven and 55 at day three and day seven of the fermentation. The Shannon-Wiener index varied between 0.91 and 2.94 at day zero and between 0.02 and 1.54 at day three and seven. Both diversity indices decreased significantly (p < 0.05) during fermentation, indicating that the diversity at the start of the fermentation was higher than the diversity at the end of the fermentation. This decrease in diversity was also observed in other fermented food products when a starter culture was used, such as sauerkraut [37] , and it was also observed when sodium nitrite was added to the mealworm pastes (Table A1 , Supporting Information). 2 Shannon-Wiener diversity index: an index to characterize species diversity based on species richness as well as their relative abundance. A higher value represents more diversity [36] .
The dynamics of the most abundant ASVs, represented by more than 1% of the sequences in any sample, during the seven-day incubation period of the inoculated and un-inoculated mealworm paste are shown in Figure 1B . In all experiments, a bacterium related to the species Spiroplasma was abundantly present at the start (up to 42.2%, ASV 4). Spiroplasma was already found in fresh [38] [39] [40] [41] and in processed mealworms previously [38] , and it may be a bacterium typically associated with this insect species. It is typically found as an endosymbiont in the insect gut [42] , and it is generally not considered as a foodborne pathogen [41] . In addition, several ASVs belonging to the family of the Enterobacteriaceae were found at the start of all fermentations (ASVs 9-12, 14, 15, 19-21, 24, 25, 27, 28, and 40) . Detection of these ASVs in a high abundance (in total ranging from 8.5% to 45.9%) was unexpected, since the larvae were subjected to a blanching step prior to fermentation and Enterobacteriaceae are known to be quite sensitive to heat treatments [43] . An explanation can be that the blanching step, although reducing microbial numbers as shown by Vandeweyer et al. [32] , did not destroy the DNA of dead microorganisms. On the other hand, due to the nutrient-rich matrix, the high water activity (±0.96) and the high microbial load after inoculation (±6.5 log cfu/g), it can also be assumed that the DNA of dead bacteria after the blanching step is broken down quickly.
At day three of the fermentation, a significant shift in the bacterial ecology was observed in both the control experiment as in the inoculated fermentations. The control samples harboured substantial quantities of Bacillus sp. (up to 57.7%, ASVs 8 and 13) and Clostridium sp. (up to 21.1%, ASV 18). Endospore formers such as Bacillus sp. and Clostridium sp. were previously encountered in edible insects, including mealworms [38, 41, 44, 45] . Both genera are of concern regarding food safety, since they contain the food pathogens C. perfringens, C. botulinum, and B. cereus [42] . An Enterococcus species (up to 23.2%, ASV 17) occurred dominantly alongside with Bacillus and Clostridium. Although some species of Enterococcus are pathogenic, other species have been isolated from fermented foods and serve as probiotics [46] . When sodium nitrite was added to the paste, the growth of Clostridium sp. and Enterococcus sp. was suppressed, resulting in the dominance of Bacillus sp. in the control experiment (up to 96.5%, Figure A1 , Supporting Information). Analysis of the inoculated samples suggested the dominance of the applied starter strains from day three of the fermentation and onwards, with their relative abundances ranging between 94.0% and 99.8%. Although six starter cultures were tested, only five different ASVs were recovered that were dominating the fermentations: Three Lactobacillus species (ASVs 1, 2, and 5), one Pediococcus species (ASV 3), and one Lactococcus species (ASV 6). More specifically, the starter cultures L. sakei and L. curvatus were assigned to the same ASV (ASV1), as shown in Figure 1B . The starter L. sakei has been described earlier as closely related to L. curvatus, L. fuchuensis, and L. graminis [47] . Moreover, the existence of this clade was confirmed through comparison of the genome sequences available for several strains belonging to these species [48, 49] . Hence, the 250 bp read length of the investigated 16S rRNA gene amplicon was too short to distinguish between these two closely related species. Using an alternative marker such as a protein coding gene, preferably a house-keeping gene, could help discriminate these related species in future research [50] .
The sequencing results and the microbial numbers are in line with each other, pointing at a high share of LAB in the bacterial load of the inoculated samples and a high share of Clostridia in the bacterial load of the control experiment. Although the bacterial community composition may differ largely between different rearing cycles or production batches, as demonstrated by Vandeweyer et al. [29] , the differences in the original microbiota between the batches tested in this study had little impact on the course of the fermentation ( Figure 2B ). Both L. sakei as P. acidilactici were able to dominate the fermentation when larvae from a different production batch were fermented, with their relative abundances ranging between 92.2% and 98.7%. However, when sodium nitrite was added to the paste, the starters L. lactis ( Figure A1 -B, Supporting Information) and L. sakei ( Figure A2 -B, Supporting Information) were not able to completely outcompete the endogenous microbiota. Next to DNA of the added starter, DNA from an Enterobacteriaceae species (ASV 19, up to 16.0%,) and a Lactobacillus species (ASV 5, up to 25.1%) was abundantly present.
Absolute Bacterial Abundances
Illumina amplicon sequencing generates relative abundances. However, since relative abundance is expressed as a proportion of the total sample, the reliability of such estimates to reflect the actual abundance of subgroups or species is insufficient. Coupling microbial abundances with microbial quantities can be more informative in describing the microbial dynamics during fermentation. Therefore, in addition to Illumina amplicon sequencing, a qPCR approach based on the 16 rRNA gene copies was conducted to estimate the total number of bacterial cells. The estimated absolute abundances (EAA), obtained by combining the quantitative detection and the relative abundances, are shown in Figures 1C and 2C .
For the control experiment, the initial number of bacterial 16S rRNA gene copies was up to 2300 copies/µL DNA extract. Higher copy numbers, up to 40,000 copies/µL DNA extract, were obtained for the inoculated samples. During the first three days of the fermentation, the 16S rRNA gene copy numbers increased in both the control and the inoculated samples. This increase in copy numbers correlated well with the increase in microbial counts. Likewise, Jung et al. [51] reported that the total 16S rRNA copy numbers of kimchi samples increased during kimchi fermentation, from an initial value of 2.6 × 10 8 copies/mL to the highest value of 3.0 × 10 10 copies/mL at day 25 of the fermentation. In our study, after three days of fermentation, the copy numbers of the samples either increased, remained constant or decreased. Between the samples inoculated with different starters, significant differences could be observed in copy numbers at day three and seven of the fermentation. The highest numbers, up to 1.8 × 10 6 copies/µL DNA extract, were obtained for the paste inoculated with L. curvatus. However, considerable variation in the gene copy numbers was observed in some samples, as shown by large standard deviations in Figure 1C . Moreover, significantly different gene copy numbers were also found among samples originating from different fermentations inoculated with the same starter culture ( Figure 2C ) and among samples inoculated with the same starter culture but with and without the addition of sodium nitrite ( Figure A1 -C and Figure A2 -C, Supporting Information). Despite those differences, all figures show the same result: The 16S rRNA copy numbers were low at the start and increased during the first stage of the fermentations. One ASV, most likely that of the added starter culture, was dominating the inoculated samples. The presence of other ASVs, which can make up a large proportion of the total sample at the start of the fermentation as shown by Illumina sequencing, is negligible as shown in Figure 1C .
An exact recalculation of the 16S rRNA copies/µL DNA extract to log cells/g mealworm paste is difficult because the copy numbers of chromosomal 16S rRNA gene operons vary per species [37, 52] . The copy numbers can vary from one to as many as 15 [53] . To date, the 16S rRNA gene copy number has only been characterized in a few LAB species. For the starters investigated in this study, L. plantarum [54, 55] contains five copies and L. sakei [56] possesses seven copies of the 16S rRNA gene per genome. These data allow to make an estimation of the cell numbers per gram paste. Overall, cell numbers obtained by qPCR were lower compared to the total counts obtained by plate counts. Especially at the start of the fermentations, significant differences were observed (5.0 log cells/g compared to 6.5 log cfu/g for both starters). At day three and seven, the differences were smaller: At day three 6.9 log cells/g compared to 7.7 log cfu/g and 7.7 log cells/g compared to 8.4 log cfu/g for the pastes with L. sakei and L. plantarum, respectively, and at day seven 6.7 log cells/g compared to 7.1 log cfu/g and 7.6 log cell/g compared to 8.3 log cfu/g. The differences between the qPCR counts and the microbial counts could be due to the combination of the inherent biases of all experimental steps, such as on the one hand for qPCR, the efficiency of the DNA extraction, and PCR inhibition due to the amplification efficiency and primer specificity and on the other hand for the place counts the fact that part of the microbiota is VBNC (viable but not culturable). Panicker et al. [57] have explained similar results by the presence of PCR inhibitors in shellfish homogenates. Insects are also known to contain PCR inhibitors [58, 59] . However, more research is needed to investigate whether PCR inhibitors are present in the investigated mealworm paste.
Consumption of Glucose and Production of Specific Amino Acids
Similar to meat products, insects contain little fermentable sugars [60] . Therefore, the addition of free sugar is necessary to fuel the fermentation process. In meat fermentations, glucose is mostly added to about 1-2% of the total weight [17] . Higher levels of sugar promote faster fermentation, which are preferred for example in the United States. In contrast, in Europe less tanginess and more diverse flavour development are generally preferred. To this end, a sugar concentration as low as 0.75% (w/w) was used in this study. With UPLC-MS, glucose was found in nearly equimolar concentrations (±1.7 g/100 g of paste) at the start of the experiments with either control or inoculated samples. Free sugars, such as glucose, play important roles in the taste of fermented food products as they are not only sweeteners but also serve as carbon sources for microorganisms, including LAB, to produce various products [51] . After seven days of fermentation, glucose was completely metabolized in all inoculated samples, whereas for the control experiments the residual glucose concentration was up to 0.1 g/100 g of paste.
As taste is an important driver of food choice, improving the sensory experience of insects is of great importance if they are to be eaten regularly. Introducing the umami taste in insects might stimulate their acceptance and consumption, as this taste is well appreciated in the meat consuming Western culture. In fermented meat products, the umami taste is mainly attributed to the presence of the free amino acids Glu and Asp [7] . The changes in the contents of those FAA observed in the mealworm pastes during fermentation are given in Table 2 . On day zero, the free Asp and Glu contents of the pastes were 4.22 ± 1.00 mg/100 g of paste and 17.76 ± 3.10 mg/100 g of paste, respectively. Lower initial values (0.28 ± 0.04 mg/100 g and 7.65 ± 0.99 mg/100 g for free Asp and Glu, respectively) were reported by Limsuwan, Visessanguan, and Kongkiattikajorn [61] , who investigated the effect of different starter cultures on the FAA contents in Nham, a Thai fermented pork sausage. As shown in Table 2 , the use of different starter cultures resulted in different contents of the FAA Asp and Glu. More specifically, after seven days of fermentation, the free Asp content increased in the samples inoculated with the starter cultures L. lactis, L. farciminis, and L. plantarum, remained constant in the control experiments and the pastes inoculated with L. curvatus, and decreased when the starter cultures L. sakei and P. acidilactici were used. The free Glu content, on the other hand, increased when the pastes were inoculated with the starters L. curvatus, L. farciminis, L. sakei, or P. acidilactici, remained constant in the control experiments and the pastes inoculated with L. plantarum, and decreased when the starter L. lactis was added to the pastes. Similar trends were observed when larvae from a different production batch (batch 2) were fermented, as shown in Table 2 . Overall, the highest total increase of the free amino acids Asp and Glu (±25 mg/100 g sample) was observed when L. farciminis was used. The free Glu contents (35.56 ± 1.91 mg/100 g) and the free Asp contents (10.43 ± 0.85 mg/100 g) of the pastes inoculated with this starter were substantially higher compared to the free Glu and Asp contents of non-fermented meat products, such as pork (±9 and ±3 mg/100 g, respectively) and beef (±10 and ±1 mg/100 g, respectively). Chicken, however, has generally a lower free Glu content (±22 mg/100 g) but a higher Asp content (±15 mg/100 g) [62] . Nevertheless, sensory analysis by a taste panel could now be the next step to determine whether the increase in FFA during fermentation enhances the umami flavour of the pastes. In addition, more research is needed to investigate the effect of the curing agent sodium nitrite on the content of the FAA. When sodium nitrite was added to the paste, the highest increase of the FAA Glu and Asp was observed in the pastes inoculated with P. acidilactici, L. sakei, and L. farciminis (Table A2 , Supporting Information). Table 2 . Changes in the contents of the free amino acids aspartic acid (Asp) and glutamic acid (Glu) during fermentation of a mealworm paste without the addition of the curing agent sodium nitrite 1 .
Batch 1
Batch 2 
Conclusions
In this study, the applicability of several candidate starter cultures to ferment a mealworm paste was investigated through microbiological and metabolite kinetic analyses. The results presented in this paper showed that all tested starter cultures were able to ferment pulverized mealworms. Moreover, the addition of a starter culture was required to obtain a rapid acidification and to inhibit undesirable microorganisms during fermentation. Whereas the fermentations of two of the six starters were repeated using the same batch of mealworms, the repeatability of the fermentations needs further investigation, to assess the consistency of the starters' performance not only within the same batch of larvae but also over different batches. From all starter cultures tested, L. farciminis was found to be the most promising. Its application resulted in the largest increase in the content of the free amino acids Asp and Glu. This increase could be attributed to starter culture activity and might affect the organoleptic characteristics of the pastes. In a next step, it needs to be investigated whether fermentation with this starter culture may actually enhance the flavour of the mealworm paste. Driven by the consumers' demand for more natural or organic meat products, the necessity of sodium nitrite, as often applied in traditional meat fermentation, during mealworm fermentation was questioned as well. Although in previous research nitrite proved to assist in preventing growth of unwanted background microbiota, in this study, the addition of sodium nitrite was not necessary. On the contrary, the addition of sodium nitrite delayed the growth of several starter cultures, and concomitantly reduced acidification and amino acid production. Nevertheless, more research is required to determine whether fermentation can extend the shelf life during cold storage of the fermented product and it is possible that nitrite has a positive effect on this aspect. nitrite and prepared from mealworms of the first production batch, and without starter (control experiment) (1) or inoculated with starter Lactococcus lactis (2), Lactobacillus curvatus (3), L. farciminis (4), L. plantarum (5) , L. sakei (6) , or Pediococcus acidilactici (7) . The microbial counts and values of relative abundance and EAA are the mean of analyses performed on three replicate samples. Error bars represent the standard deviation. Only amplicon sequence variants (ASVs) represented by an average relative abundance of more than 1% of the sequences in any sample are shown. Other ASVs are grouped together in "others (<1%)".
Figure A2
. Microbial counts and pH (A), relative abundance in the bacterial community (B), and estimated absolute abundances (EAA) (C) during fermentation of pastes with addition of sodium nitrite and prepared from mealworms of the second production batch, and inoculated with starter Lactobacillus sakei (1) or Pediococcus acidilactici (2) . The microbial counts and values of relative abundance and EAA are the mean of analyses performed on three replicate samples. Error bars represent the standard deviation. Only amplicon sequence variants (ASVs) represented by an average relative abundance of more than 1% of the sequences in any sample are shown. Other ASVs are grouped together in "others (<1%).
. Microbial counts and pH (A), relative abundance in the bacterial community (B), and estimated absolute abundances (EAA) (C) during fermentation of pastes with addition of sodium nitrite and prepared from mealworms of the second production batch, and inoculated with starter Lactobacillus sakei (1) or Pediococcus acidilactici (2). The microbial counts and values of relative abundance and EAA are the mean of analyses performed on three replicate samples. Error bars represent the standard deviation. Only amplicon sequence variants (ASVs) represented by an average relative abundance of more than 1% of the sequences in any sample are shown. Other ASVs are grouped together in "others (<1%). 
